We have studied the relationship between glucose uptake rate and Glut 1 and Glut 4 protein and mRNA levels per fat cell in lean (FA/FA) and obese (fa/fa) Zucker rats at 5, 10, and 20 wk ofage, and after induction ofacute diabetes with streptozotocin. 5 wk obese rats exhibit insulin hyperresponsive glucose uptake, whereas 20 wk obese rats show insulin resistant glucose uptake. The relative abundance of Glut 1 and Glut 4 mRNA and protein per equal amount of total RNA and total membrane protein, respectively, is lower in adipocytes from obese rats. However, at all ages the enlargement of fat cells from obese rats is accompanied by a severalfold increase in total RNA and total membrane protein per cell. Thus, on a cellular basis, mRNA and protein levels of Glut 4 increases in young obese rats and gradually declines as a function of age. Basal glucose uptake is increased severalfold in fat cells from obese rats, and in parallel Glut 1 expression per cell in obese rats is two-to threefold increased over lean rats at all ages. Acute diabetes in 20 wk obese rats causes a profound downregulation of glucose uptake and a concomitant reduction of both Glut 1 and Glut 4 protein levels. Thus, changes in Glut 4 expression are a major cause of alteration in insulin-stimulated glucose uptake of adipocytes during evolution of obesity and diabetes in
Introduction
The obesity of the fa/fa Zucker rat is due to a single recessive autosomal gene mutation, as yet unidentified (1) . Excessive adiposity is evident in fa/fa Zucker rat as early as 2 wk ofage (1, 2) , and this expansion ofthe fat depot continues until about 15 wk (3) (4) (5) (6) (7) . This obesity is like human obesity accompanied by hyperinsulinemia and hyperlipidemia but normal blood glucose levels (1) (2) (3) (4) (5) (6) (7) . The initiating lesion leading to obesity in the Zucker rat is unknown, but at least two hypotheses have been considered (8) (9) (10) . In one, hyperinsulinemia of pancreatic or neuroendocrine origin is thought to be primary with secondary increases in metabolic activity of adipose tissue. Alternatively, there may be an inborn error of metabolism in adipose tissue with an early hyperfunction ofglucose uptake and lipogenesis, followed by insulin resistance and hyperinsulinemia. No matter which of the two pathogenetic models is the most relevant, it is clear that both basal and insulin-stimulated glucose uptake are enhanced in adipocytes from young fa/fa Zucker rats (4, 5) . Studies of inguinal adipocytes from 1 mo old fa/fa rats have also shown an increased glucose transport activity with a fourto fivefold increase in the number ofglucose transporters measured by cytochalasin B binding (1 1) .
Facilitated glucose transport is mediated by several genetically distinct glucose transporters. Glut 1 appears ubiquitously expressed in mammalian tissues, but predominantly in insulininsensitive tissues such as erythrocytes, brain, and placenta; Glut 2 is most highly expressed in kidney, pancreatic islets, and splanchnic tissues; Glut 3 is present in almost all tissues of the rat except adult skeletal muscle; Glut 4 is considered the likely "insulin responsive" transporter since it is expressed in skeletal and heart muscle and adipose tissue; and Glut 5 is expressed primarily in small intestine (12) . Although both Glut 1 and Glut 4 are present in adipose cells (13) (14) (15) (16) (17) , Glut 1 is much less abundant than Glut 4 (18) . Moreover, the concentration of Glut 1 protein increases only about twofold in the plasma membrane of rat adipocytes in response to insulin, whereas the concentration of Glut 4 protein increases about 10-fold in adipocyte plasma membranes upon insulin stimulation (19, 20) . Finally, several groups of investigators have recently reported that in fat cells from normal lean rats made acutely diabetic by streptozotocin injection, there is a substantial decrease in Glut 4 mRNA and protein which is reversed by insulin treatment, whereas Glut 1 is unaltered by diabetes (20) (21) (22) (23) .
Hence, the present investigation was designed to answer three questions: (a) What 
Methods
Animals and experimental design. Male Zucker rats were bred in the animal facilities of Vassar College, New York. Lean homozygous (FA/ FA) and obese (fa/fa) rats were received from the supplier at least 1 wk before killing at the age of 5, 10, and 20 wk. In halfofthe obese 20-wkold rats, streptozotocin at a concentration of 40 mg/kg body wt (dissolved in 10 mM sodium citrate, pH 4.5) was injected into the tail vein 36 h before death to produce acute diabetes. The animals were maintained with ad lib. feeding of standard rat chow and killed by CO2 inhalation and decapitation in the fed state between 8 and 10 a.m. The experimental protocol was approved by the local animal ethics committee.
7.4).
No centrifugation was used in the washing procedure, but between washes the fat cells were allowed to float. Just before homogenization, aliquots were taken for measurement of cell size and number. The diameters of at least 200 adipocytes were measured for every cell sample in a cell-counting chamber, as described previously (25) . The coefficient of variation was 0.03. From the adipocyte diameter (D), the adipocyte volume (ir D3/6) was calculated. The concentration of cells in adipose cell suspensions was calculated as the adipocyte volume fraction (measured in a hematocrit capillary tube) divided by the mean adipocyte volume. This measurement had a coefficient of variation of 0.02 at routine volume fractions of 0.40. The mean fat cell volume, which was used for calculation of cell number concentration, was obtained from the individually computer-calculated cell volumes. Finally, the fat cell suspension was diluted in buffer to give a volume fraction of 0.01. Microscopic inspection showed that the adipose cell preparation was homogenous without contaminations with fibroblasts or blood cells.
Glucose uptake in fat cells. In preliminary experiments using the 3-0-methylglucose transport assay and the oil centrifugation technique to separate fat cells from the radioactivity in the medium (26), we found that about 30% and 20% of the adipocytes in cell suspensions prepared from 20-and 1 0-wk-old obese Zucker rats, respectively, were lost by centrifugation through silicone oil (25) . Attempts to solve the problem by examining the efficiency of several oils (different viscosity and relative density) at more temperatures were unsuccessful. Thus, centrifugation-induced cell loss also prevented us from using an assay that measures total cell-associated radioactivity (sum of lipophilic and hydrophilic products) (27, 28) . Therefore, glucose uptake was estimated in fat cells by measuring the conversion rate of uniformly labeled ['4C]-D-glucose to total lipids at trace concentration (1.5 MM) (27) . In samples of separate adipose cell suspensions covering a wide range ofcell volumes, comparative studies of3-0-methyl glucose transport and glucose metabolism have shown that at low trace glucose levels (0.1-40MuM), glucose transport is rate limiting for both basal and maximal insulin-stimulated glucose metabolism (lipogenesis and production of hydrophilic glucose metabolites as lactate and pyruvate as well as glucose oxidation) (27, 28) . Under such experimental conditions, about 60% ofcell-associated 14C-radioactivity is recovered in cell lipids (27, 28) . In other words, measurement of the major metabolic pathway in glucose metabolism of adipose cells (lipogenesis) at trace glucose concentrations is a valid tool to evaluate glucose transport activity. Isolated adipocytes in Krebs-Ringer-bicarbonate buffer (960 Ml cell suspension with an adipocyte volume fraction at 0.01, i.e., about 104 cells/ml) were preincubated for 45 min at 37°C in polypropylene scintillation vials without or with insulin at multiple concentrations rang- MAM, and the incubation continued for another 60 min at 370C. Control experiments in fat cells from both lean and obese 20-wk-old Zucker rats showed that under these experimental conditions glucose uptake rate was linear for at least 90 min. To circumvent interference from high concentrations of adipocyte-released compounds with known stimulatory effects on glucose transport such as adenosine, prostaglandine (PGE2), and spermine (29, 30) , all experiments were run in very diluted cell suspensions. Moreover, given the known fragility of large adipose cells from the old obese rats, the issue of the integrity and viability of the cells at the end of the incubation period before lipid extraction was a critical one. In three separate experiments on 20-wkold obese rats, the fat cell concentration in the medium remained unchanged during a 2-h incubation. Microscopic examination of the same cell suspensions before and after the incubation period using methylene blue and trypan blue, respectively, revealed on both occasions more than 90% cell integrity and viability and a negligible amount offat droplets. '4C-labeled lipids were extracted by direct addition of 10 ml toluene-based scintillation fluid to the incubation vial (27) . After vigorous shaking, 5 ml of the scintillation fluid was separated from the aqueous phase and transferred to another vial for counting ofradioactivity. The content oflabeled glucose in the toluene phase (blank values) was negligible. All glucose uptake experiments were run in triplicate.
Preparation oftotal membranesfrom adipocytes. After wash ofthe collagenase isolated adipose cells in albumin-free TES-buffer, cell counts were performed. The concentrated fat cell suspension was then homogenized at 17'C, using a Potter-Elvehjem glass homogenizer. To get rid of the fat cake, the homogenate was centrifuged for 15 min at 16,000 g at -40C. The pellet was resuspended in the supernatant, centrifuged for 40 min at 212,000 g at 4VC, and again resuspended in TES-buffer. Thus, to isolate membrane proteins from adipocytes we produced a fat cake. It was necessary to discard this portion to pellet the membranes. However, the fat cake accounted to 3-5% of the volume and this proportional was the same in lean and obese cell suspensions since we made the obese cells up to a larger volume. Hence, precautions were taken to ensure that there was no differential losses in protein recovery between homogenates from lean and obese rats.
Immunoblotting. Adipose cell membranes (100 Ag/lane in Glut 1 studies, and 65 Mg/lane in Glut 4 studies) prepared as described above were subjected to 10% SDS-polyacrylamide gel electrophoresis and electrophoretically transferred to nitrocellulose filters. Immunoreactive Glut 1 was detected using a polyclonal rabbit antiserum prepared against a synthetic peptide consisting ofthe 16 carboxy-terminal amino acids of the Hep G2 glucose transporter sequence ( 16) . Glut 4 proteins were analyzed using the monoclonal antibody 1F8 specific for the carboxy-terminal ofGlut 4 (15) . Antisera were used at 10 mg/ml. Immunolabeled bands were visualized using '25I-labeled sheep anti-mouse F(ab')2 fragment (Amersham International, Amersham, UK) after immunoblotting with 1F8, and 251I-protein A (New England Nuclear) after immunoblotting with the polyclonal Glut 1 antiserum.
RNA isolation. Immediately after collagenase isolation and cell wash, a sample was taken for cell counts and the adipocytes were resuspended in quanadinium isothiocyanate. Subsequent homogenization was performed with a Potter-Elvehjem glass homogenizer. RNA was extracted using the guanadinium isothiocyanate-CsCl method (31, 32) . RNA was quantitated by absorbance at 260 nm, and purity was assessed by absorbance at 280 and 260 nm.
Differential recovery of RNA from fat cells of varying size was considered, since RNA might be trapped in the fat layer after polytroning the cells in guanadinium isothiocyanate. This layer contains a small amount ofRNA but much less that comparable volume ofthe aqueous infranatant. Moreover, even in cells from very obese Zucker rats, the volume of the lipid phase was less than 10% of the sample volume. Hence, the total amount of RNA in the lipid layer was not significant.
Northern blot analysis. For Northern gels, total RNA (20 Mg) was denatured, separated by 1.2% formaldehyde agarose electrophoresis, and transferred to nylon membranes. The integrity ofRNA and equivalent loading of RNA in each lane were assessed by visualization of the ribosomal RNA following ethidium bromide staining.
For analysis of Glut 1 RNA, the Hep G2 glucose transporter cDNA was subcloned into the BamHI site of the pGEM plasmid and the antisense RNA was synthesized using T7 polymerase and [32P]UTP as described by the manufacturer. The labeled RNA was separated from unincorporated UTP using phenol/chloroform followed by chloroform extractions and ethanol precipitation. Hybridization to RNA was carried out at 650C in a solution composed of 50% formamide, 5X standard saline citrate (SSC)' (SSC is 0.15 M sodium chloride and 0.0 15 M sodium citrate, pH 7.0), 1X PE, (PE is 50 mM Tris, pH 7.5, 0.1% sodium pyrophosphate, 1% SDS, 0.2% polyvinylpyrolidone, 0.2% Ficoll, 5% EDTA, 1% BSA), and 150 .g/ml denatured salmon sperm DNA. The probe was included at 106 cpm/ml. Filters were washed twice in 2X SSC and 0.1% SDS at 650C and twice in 0.IX SSC, 0.1% SDS at 650C, and twice in 0.1 x SSC and 0.1% SDS at 650C (each wash wash for 15 min).
For Glut 4 the cRNA probe was the entire 2.49-kb EcoRI fragment of the rat muscle glucose transporter cDNA which had been subcloned into the Bluescript KS vector (Stratagene Inc.) and linearized with SalI.
Antisense RNA was synthesized as above, and hybridizations were carried out in 50% formamide, 5x SSC, 5X Denhardt's solution (IX Denhardt's solution is 0.02% polyvinylpyrolidone, 0.02% Ficoll, 0.02% BSA), 50 mM phosphate buffer (pH 7.0), 1% SDS, 100 ,ug/ml poly(A), 5 mM EDTA at 600C for 16-20 h. The probe was included at 1-2 X 106 cpm/ml. Filters were washed in 0.1X SSC and 0.1% SDS at 65°C.
Northern blots were also probed with a random-primed #t-actin cDNA. Hybridization was carried out at 42°C in a solution containing 50% formamide, 5X sodium chloride sodium phosphate EDTA buffer (SSPE) (0.9 M NaCl, 5 nM EDTA and 50 mM NaH2PO4, pH 7.4), 0.2% SDS, 0.1% each of BSA, polyvinyl-pyrolidine, and Ficoll and denatured, sperm DNA (200 jlg/ml). The probe was included at 106 cpm/ml. Blots were washed in SSPE and 0.1% SDS at 240C (three washes of 10 min each), and then in 0. lX SSPE and 0.1% SDS at 50-55°C (three washes of 30 min each). They were then exposed to Kodak XAR-5 films with an intensifying screen at -70°C. The abundance of specific glucose transporter or actin message was quantitated by densitometric scanning of the autoradiograms using a densitometer (Hoefer Scientific Instruments, San Francisco, CA). The areas under the curves were calculated using a Hoefer G S 350 computer program.
Analysis ofprotein. Protein was determined by the coomassie brilliant blue method (protein assay [Bio-Rad Laboratories, Richmond, CA]) using crystalline bovine serum albumin as the standard (33) .
Analysis of glucose and insulin. At decapitation of the fed rats, blood was sampled for analysis ofplasma insulin by conventional radioimmunoassay and glucose by a glucose oxidase method (glucose analyzer) (Yellow Springs Instruments Co., Yellow Springs, OH).
Presentation ofdata. As previously reported (1 1), the enlargement of fat cells from hyperinsulinemic fa/fa rats is accompanied by a severalfold increase in total membrane protein and a comparable increase in total cellular RNA. These changes in total protein and RNA per cell must be considered when studying the relative abundance of specific proteins and mRNAs in fat cells with different size. In both Western immunoblotting and in Northern blot hybridization experiments we loaded equal amount of total protein and total RNA, respectively, in each lane on the gels. Although the blots then represent the same amount ofprotein or RNA from lean and obese rats, they reflect different numbers of adipocytes. To interpret our data in a more physiologically meaningful way, we have expressed the concentrations of total membrane protein and total cellular mRNA, as well as the glucose uptake rate, per adipocyte. Thus we consider the expression per cell to be the most internally consistent, functionally informative, and physiologically appropriate.
Specific mRNA or protein levels per cell were calculated by multiplying the optical density corresponding to the signal on Northern or Western blots (loaded with equal amounts of RNA or protein) by the loading procedure both by UV shadowing ofethidium bromide stained RNA and measurement of the #l-actin transcripts. It appeared that mRNA encoding fl-actin could not be used in normalizing the specific mRNAs ofglucose transporters in this study, since the mRNA for actin was substantially and reproducibly altered in the obese animals. Previously, it has been shown that short term in vitro exposure of rat hepatoma cells to insulin induces a twofold increase in fl-actin mRNA (34) and studies of the effects of fasting and refeeding on rat adipose cells revealed pronounced alterations in actin mRNA (35) .
Statistical analyses. Results are presented as mean±standard error of the mean, with differences within and between groups tested by analysis of variance and by Wilcoxon's two-sample test. Spearman's coefficient ofrank was applied in correlation studies. Spearman's coefficient of rank was applied in correlation studies.
Results
Characteristics ofexperimental animals. Some of the characteristics ofthe two different phenotypes ofZucker rats are given in Table I . The 5-wk obese Zucker rats were slightly hyperinsulinemic, and their body weight and epididymal fat pad weights were heavier than those of their lean littermates. The relative hyperinsulinemia increased in the obese animals with age from 153% ofcontrol levels at 5 wk, to 553% at 10 wk and 1,370% at 20 wk. In the 20-wk-old obese rats streptozotocin-induced diabetes for 36 h caused a 77% decline in the plasma insulin levels (although insulin levels were still 76% above normal) and a fourfold increase in the plasma glucose concentrations.
The effects of age, obesity, and diabetes on cell volume, total protein, and total RNA in isolated epididymal adipocytes are shown in Table II . In both the lean and obese rats, the fat cell volume increased with age, but, on average, the volume of fat cells was four-to sixfold greater in obese rats when compared with lean rats. The enlargement ofadipocytes from obese animals was accompanied by a three-to ninefold increase in total membrane protein recovered per cell, and a two-to fivefold increase in total RNA per cell. The mRNA encoding the cytoskeletal protein f3-actin was also substantially altered by age and obesity (Table II) .
Glucose conversion to lipid in isolatedfat cells and effects of insulin. In lean Zucker rats both basal and total (basal plus insulin stimulated) glucose conversion to lipid per adipocyte increased by threefold as the animals went from an age of 5 wk to the age of20 wk (P < 0.05) (Fig. 1 value declined slightly as a function of age (440±41% at 5 wk and 264±35% at 20 wk, P = 0.07).
In obese Zucker rats both basal and total glucose conversion to lipid was three-to fivefold higher per fat cell at all ages when compared with the findings in lean animals (P < 0.05) (Fig. 1 , right bar in each age group). Basal glucose conversion rate in cells from obese rats increased dramatically, about fivefold, from the age of 5 wk to the age of 10 wk (P < 0.05) with no further change thereafter. (Fig. 1) . Total glucose conversion rate in fat cells from obese animals showed no significant change among the three age groups; however, there was a decline of maximal insulin response above basal value as a function of age going from 605±67% at 5 wk to 157±26% at 20 wk (P < 0.05). In other words, when compared with lean controls, adipose cells from 5-wk-old obese rats were hyperresponsive to insulin, whereas fat cells from 20-wk-old obese rats were insulin resistant. Acute streptozotocin-induced diabetes in 20-wkold obese rats caused a significant reduction in both basal and total glucose uptake (P < 0.05) (Fig. 1) . Table III shows the glucose conversion rates when expressed per unit cellular surface area. It appears from this way of expressing the data that there is a significant difference in total (basal plus insulin stimulated) glucose uptake at age 5 wk between lean and obese Zucker rats, whereas, at age 10 and 20 wk the difference has disappeared. However, even when the data are expressed per surface area, 5 wk obese rats exhibit insulin hyperresponsive glucose uptake (P < 0.05) and 20 wk obese rats show insulin resistant uptake (P < 0.05) when compared with age-matched controls.
Immunodetectable concentrations of glucose transporter proteins in adipocytes. The amount of Glut 1 and Glut 4 proteins in a crude membrane preparation from isolated adipose cells was quantitated by Western blotting, using specific anti- (Fig. 2) .
When equal amounts of membrane protein were loaded in each lane ofthe gel there appeared to be a decrease in both Glut 1 and Glut 4 with increasing age and with obesity (Fig. 2, top) . However, the amount of membrane protein in fat cells increases as a function of age and adiposity (Table II and Fig. 2 , middle). When these differences are taken into account, and the data are expressed as a percent of 5-wk-lean Zucker rats, several findings are apparent (Fig. 2, bottom) . First (Fig. 3) . Loading equal amounts of total RNA in each lane on the Northern gel, there was a slight reduction (20-30%) in the amount of mRNA for Glut 1 and Glut 4 in fat cells from 5-wk-old obese Zucker rats. There was also a decline in Glut 4 with age, but no difference between lean and obese at older ages (Fig. 3) . When the marked differences in total RNA/cell are taken into account (Table II and Fig. 3 ), again both Glut 1 and Glut 4 expression appear relatively constant in lean Zucker rats, although there is a 50% increase in Glut 1 mRNA per cell (P < 0.05) in 20-wk-old lean rats. Adipose cells from obese rats express three to four times more Glut 1 mRNA per cell than their lean littermates (P < 0.05) without any significant alterations during aging or following induction of streptozotocin diabetes (Fig. 3) . At all ages Glut 4 mRNA expression per cell was increased in obese rats (P < 0.05) with a 3.5-fold increase at 5 wk and a gradual decline to a 1.7-fold increase at 20 wk. Acute, streptozotocin-induced diabetes resulted in a marked decrease in Glut 4 mRNA per cell (P < 0.05) in 20-wk-old obese rats (Fig. 3) .
Thus, the patterns of mRNA closely correlated with the pattern of protein expression. There were only two minor exceptions. First, although both Glut 4 protein and mRNA per cell were increased in obesity and fell with age, mRNA levels per cell remained above lean control at all ages, whereas protein level per cell fell below the lean control at Secondly, in acute streptozotocin diabetes, there was a fall in Glut 1 protein per cell without a fall in mRNA per cell.
Comparison of Glut I and Glut 4 protein levels to glucose conversion rates in adipocytes. In Fig. 4 we have compared basal conversion rate of glucose to lipid with Glut 1 protein concentration (a) and insulin stimulated (total -basal) glucose conversion rate with Glut 4 protein concentration (b). All data are expressed per cell. It is clear that Glut 1 protein level tends to parallel basal glucose conversion rate. In obese rats both basal uptake rate and Glut 1 protein are increased, and both decrease in the presence of acutely induced diabetes. This tendency was confirmed by correlation analysis (r = 0.89, P = 0.05). In younger (5 and 10 wk) Zucker rats there was also a strong positive correlation between insulin-stimulated glucose uptake rate and Glut 4 protein levels. This correlation, however, does not hold in the 20-wk-old animals. In these there is a relative maintenance of uptake activity despite markedly reduced levels of Glut 4 protein in obesity, and especially in the obese diabetic rat.
Discussion
Previous studies have utilized the Zucker fatty rat as a model of obesity and insulin resistance and have shown profound alterations in adipocyte glucose utilization in these animals (1-1 1, 36). Adipose cells from obese Zucker rats are characterized by a severalfold higher total (basal plus maximal insulin stimulated) glucose uptake rate than adipose cells from lean littermates. This enhanced total glucose uptake rate is independent of changes in age and cell size. However, changes between basal and insulin-stimulated adipocyte glucose uptake rate occur as a function of age. Thus, 5-wk-old obese rats exhibit insulin hyperresponsive glucose uptake, whereas 20-wk-old obese rats show insulin-resistant glucose uptake (1-7). Since glucose transporters are prime candidates for regulation of adipose cell glucose turnover, we have studied the adipocyte content of transcriptional and translational products of the Glut 1 and Glut 4 genes in genetically obese rats at 5, 10, and 20 wk of age. Moreover, we have treated 20-wk-old obese Zucker rats with streptozotocin to acutely induce relative insulin deficiency and hyperglycemia. We find that the two types of glucose transporters in the same adipose cell are differentially regulated under the same conditions of obesity and diabetes.
Since adipose cells from 10 and 20 wk obese Zucker rats are readily ruptured by centrifugation, 3-O-methylglucose transport or total fat cell-associated radioactivity (27, 28) could not be determined. This same problem was stated by Ezaki (36) (27, 28) . Consequently, we have measured lipogenesis rate in fat cells at experimental conditions of a low trace concentration of glucose where glucose transport has been shown to be rate limiting for lipogenesis (27) . It may be argued that the ratios between various metabolic pathways of fat cells may be different between lean and obese rats, and especially in the aged rats. Thus, we cannot ignore the possibility that the lipogenesis results may over-or underestimate the glucose transport rates. However, our lipogenesis data closely parallel previous reports that glucose trans- port or glucose metabolism are increased in fat cells from both young and old fa/fa Zucker rats when compared with lean littermates (4, 5, 11 (17) (18) (19) (20) . Interestingly, as a result ofa general increase in total membrane protein and total RNA in adipose cells from obese Zucker rats, we find an increased expression of Glut 4 both at mRNA and protein levels per cell from young obese rats. Moreover, we find a gradual decline in Glut 4 expression per cell as a function of age which is especially dramatic at 20 wk of age. Our findings in 5-wk-old rats are consistent with a previous report ( 11) 11) and in our study. However, all these studies are in agreement that changes in the abundance of Glut 4 may account at least in part for the insulin hyperresponsive glucose uptake in adipose cells of young obese rats.
There is a positive correlation between Glut 4 expression and insulin-stimulated glucose uptake in the 5-and 10-wk-old animals, but not in 20-wk-old rats or after streptozotocin-induced diabetes. Since most of Glut 4 protein in the resting (basal) state are located in an intracellular pool, and transporters affect glucose transport into the cell only when translocated to the plasma membrane (38) , it is possible that changes in translocation or in the ratio of Glut 4 proteins in the two pools may contribute to the observed changes in insulin responsiveness in the older or diabetic animals. The decrease we see in Glut 4 in adipose cells of 20 wk obese Zucker rats is in agreement with a recent study in obese and aged (12-mo-old) Sprague-Dawley rats, which found Glut 4 protein to be severely decreased in both the plasma membrane and the intracellular pool under basal, as well as insulin-stimulated, conditions (39) . Furthermore, it is possible that alterations in the intrinsic activity of the glucose transporters contribute to the discrepancies between Glut 4 protein level and insulin-stimulated glucose transport (38) .
Glut 1 is much less abundant in adipocytes than Glut 4, and insulin stimulates translocation of Glut 1 to the cell surface only 1-2-fold compared with about 10-fold for Glut 4 (38) . Glut 1 in adipose cells is therefore considered to be primarily a constitutive glucose transporter with little contribution to the effect ofinsulin. Consistent with this, we find a positive correlation between basal glucose uptake and the Glut 1 protein level per cell. When adjusting for differences in membrane protein and total RNA per fat cell, the abundance ofGlut 1 mRNA and protein is three to four times higher in adipocytes from obese Zucker rats than in lean littermates, paralleling the increase in basal glucose uptake. In contrast to the alterations of Glut 4 expression during the evolution of obesity, there is no change in Glut 1 expression. Hainault (20, 34, 35) , have shown that ambient insulin levels may be one important factor in regulating actin mRNA in several tissues. Thus, the elevated insulinemia in the obese Zucker rats could be contributing to the increase in actin mRNA and could be part of the generalized anabolic effect of insulin. This does not change our conclusions. That is, it is not necessary for the effects on transporter expression to be selective to result in changes in transport activity. However, in the available literature on gene expression in Zucker rats, the mRNA level ofthe lipogenic enzyme, glyceraldehyde-3-phosphate in adipose tissue of 16 and 30 d obese rats is reported to be selectively increased (40) .
The increases in uptake rate and transporters in obese rats at 10 wk and the increase in uptake rate at 20 wk are not seen when the results are expressed per surface area instead of per cell. However, in all our data presentation we have found it internally consistent and physiologically most appropriate to use the per cell denominator to compare total transport activity (intrinsic activity and translocation), total transporter protein (in the plasma membrane and the intracellular pool), and total transporter mRNA (in the cytosol and the nucleus). Moreover, even when the data are expressed per surface area our main conclusions remain unchanged. That is, we find insulin hyperresponsive glucose uptake in combination with an overexpression of Glut 4 in 5 wk obese rats and insulin resistant glucose uptake in combination with an impaired expression of obese Zucker rats are not known. However, it has been shown that glucose transporter gene expression in adipose cells in vivo is markedly affected by altered nutritional and metabolic states. These studies lend support to the hypothesis that plasma insulin may participate in the chronic regulation of adipocyte Glut 4 expression. Thus, hypoinsulinemic states like fasting and diabetes (20) (21) (22) (23) 35) are associated with a decrease in adipose cell Glut 4 mRNA and protein concentration, whereas relative hyperinsulinemic states such as refeeding and insulin treatment (20) (21) (22) (23) 35) are associated with increases in Glut 4 expression. On this background it is tempting to suggest that the slight hyperinsulinemia in 5-wk-old obese animals produces the higher steady-state level of Glut 4 mRNA and protein. Alternatively, other factors, including genetic factors, might trigger the overexpression of several proteins, including glucose transporters. In favor of the latter hypothesis is the report ofan increase ofbody fat in fa/fa rats before a detectable rise in plasma insulin levels or hyperphagia (1) . The factors behind the downregulation of Glut 4 in old obese Zucker rats are also unexplained. The fact that Glut 4 protein content per fat cell was much more decreased than the Glut 4 mRNA level points toward a major regulatory effect on steps involving the translatability of Glut 4 mRNA or degradation of the protein.
Recent reports on the impact of streptozotocin diabetes in normal rats suggest that this type of experimental diabetes is associated with a 50-60% loss in Glut 4 mRNA and a 50-90% loss in Glut 4 protein in adipocytes with no major changes in Glut 1 (20) (21) (22) (23) . Induction of streptozotocin diabetes in the insulin resistant 20 wk-old fatty Zucker rat results in a significant reduction in adipocyte levels of Glut 4, but not of Glut 1 mRNA, and a further reduction in both Glut 1 and 4 protein as compared with levels in the nondiabetic fatty rat. These changes are observed rapidly after only 36 h of diabetes. Thus, reduction in insulin secretory capacity and the resultant deterioration of glucose tolerance further accentuate the insulin resistance at the level of Glut 4 expression.
In conclusion, these studies suggest that as a result of a general increase in total membrane protein and total RNA in adipose cells ofobese Zucker rats, expression ofthe major insulin-responsive glucose transporter (Glut 4) is increased on a per cell basis in insulin hyperresponsive young fa/fa Zucker rats, and diminished in insulin-resistant fat cells from old fa/fa rats. Furthermore, a high abundance of Glut 1 protein per fat cell from fa/fa rats at all ages may contribute to a constantly increased total glucose uptake rate per cell. Induction ofdiabetes in old fa/fa rats creates a hormonal-metabolic state ofhyperglycemia without severe hypoinsulinemia, which is associated with profound reductions in basal and total fat cell glucose uptake rate and protein levels for both glucose transporters. Further research into the identification of possible concurrent changes in translocation and intrinsic activity ofglucose trans- porters in this animal model will be crucial to our understanding ofthe sequential alterations in basal and insulin-stimulated glucose metabolism during the evolution of obesity and diabetes mellitus.
